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Abstract
Background Acid-base balance is maintained by kidney excretion of titratable acids and bicarbonate reabsorption. Metabolic 
alkalosis is uncommon in dialysis-treated patients. The aim of this retrospective study was to assess the rate of metabolic 
alkalosis in pediatric patients treated with peritoneal dialysis.
Methods Medical records of children treated with peritoneal dialysis in Shaare Zedek Medical Center from January 2000 to 
June 2021 were reviewed and compared with young adults currently treated with peritoneal dialysis. Demographic, clinical, 
and peritoneal dialysis characteristics were extracted from the medical records.
Results Thirty chronic peritoneal dialysis patients were included in our study, seven under 2 years, 13 between 2 and 18 
years, and 10 adults. 90.3% of the measurements in infants showed metabolic alkalosis compared to 32.3% in the 2–18-year 
group and none in the adult group. Higher size-adjusted daily exchange volume, lack of urine output, and high lactate-
containing dialysate were associated with metabolic alkalosis. Alkalosis was not explained by vomiting, diuretic therapy, or 
carbonate-containing medications. High transport membrane, low dietary protein, and malnutrition, all previously reported 
explanations for metabolic alkalosis, were not found in our study.
Conclusions Metabolic alkalosis is common in infants treated with peritoneal dialysis as opposed to older children and adults. 
High lactate-containing dialysate is a possible explanation. Higher size-adjusted daily dialysate exchange volume, which 
may reflect higher bicarbonate absorption, is another independent predictor of alkalosis. Acid-base status should be closely 
followed in infants, and using a dialysis solution with lower bicarbonate or lactate level should be considered.
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Abbreviations
CKD  Chronic kidney disease
GFR  Glomerular filtration rate
PD  Peritoneal dialysis
IRB  Institutional Review Board
PET  Peritoneal equilibration test
nPCR  Normalized protein catabolic rate
WHO  World Health Organization
CDC  Centers for Disease Control and 

Prevention

BMI  Body mass index
NIH  National Institute of Health
NKF KDOQI  National Kidney Foundation Kidney Dis-

ease Outcomes Quality Initiative
BSA  Body surface area
SD  Standard deviation
IQR  Interquartile range
CAPD  Continuous ambulatory peritoneal dialysis
APD  Automated peritoneal dialysis
HD  Hemodialysis
DRI  Dietary reference intake

Introduction

Acid-base balance is maintained by the kidney, via excre-
tion of ammonium and titratable acids (mainly phosphoric 
acids) and bicarbonate reabsorption. At the initial stages of 
chronic kidney disease (CKD), single nephron ammonium 

 * Shimrit Tzvi-Behr 
 shimrittb@szmc.org.il

1 Division of Pediatric Nephrology, Shaare Zedek Medical 
Center, Jerusalem, Israel

2 Nephrology unit, Shaare Zedek Medical Center, Jerusalem, 
Israel

3 Faculty of Medicine, Hebrew University of Jerusalem, 
Jerusalem, Israel

/ Published online: 18 January 2022

Pediatric Nephrology (2022) 37:1889–1895

http://orcid.org/0000-0002-6461-1412
http://crossmark.crossref.org/dialog/?doi=10.1007/s00467-021-05344-w&domain=pdf


1 3

excretion rate increases, preserving acid excretion and main-
taining homeostasis. When glomerular filtration rate (GFR) 
decreases below 40 to 50 mL/min/1.73  m2 (CKD stage 3), 
ammonium and titratable acid excretion begins to fall and 
metabolic acidosis may be noted. The prevalence of serum 
bicarbonate concentration < 22 mEq/L is < 5% in CKD 
stage 1–2 and increases linearly to approximately 25% in 
nondialysis-dependent CKD stage 5 [1]. After the initiation 
of dialysis therapy, metabolic acidosis usually improves sec-
ondary to additional base load delivered in the dialysate. 
Metabolic acidosis can persist in dialysis patients, typically 
those with high protein intake which causes greater nitro-
gen appearance rate and hydrogen ion production or due to 
dialysis inadequacy [2].

Metabolic alkalosis, which is uncommon in dialysis-
treated patients, can be associated with vomiting and diu-
retic therapy.

The aim of this retrospective study was to assess the rate 
of metabolic alkalosis in pediatric patients treated with peri-
toneal dialysis (PD) for kidney failure and to evaluate pos-
sible predictors.

Methods

Medical records of all children treated with PD in the pediat-
ric dialysis unit, Shaare Zedek Medical Center, from January 
2000 to June 2021 were reviewed. For comparison purposes, 
medical records of a selected sample of young adult patients 
(younger than 50 years) currently treated with PD in the 
adult dialysis unit were also reviewed. Patients were divided 
into 3 groups: infants 0–2 years, children and adolescents 
2–18 years, and young adults over 18 years. Patients treated 
with PD for less than 3 months or those with persistent vom-
iting were excluded.

The study was approved by the IRB at the Shaare Zedek 
Medical Center (approval number: 0272-19-SZMC). The 
IRB waived the informed consent for retrospective data. 
Currently, treated patients, or their guardians, provided writ-
ten informed consent.

PD routine follow-up visits were done at least once 
monthly and included clinical information, current medica-
tions, weight and height, PD prescription, and blood gas 
and electrolyte measurements. The analysis included the first 
quarterly record for each patient, starting from the second 
quarter (3–6 months) of dialysis treatment. Metabolic alkalo-
sis was defined as bicarbonate level > 24 mmol/L under the 
age of 2 years, and > 26 mmol/L over the age of 2 years [3]. 
We chose to focus on bicarbonate level rather than pH level 
because infants tend to cry during blood drawing resulting 
in hyperventilation, hypocapnia, and respiratory alkalosis.

Peritoneal equilibration test (PET), normalized protein 
catabolic rate (nPCR) and weekly Kt/V were assessed using 

PatientOnLine©, PD management software, Fresenius after 
at least 3 months of treatment, and repeated according to 
clinical needs. For analysis purposes, we used nPCR and 
PET results that were measured at the nearest time point to 
the blood gas measurement.

Nutritional status was defined separately for each age 
group. In infants 0–2 years, we used the WHO classifica-
tion of height to weight percentiles: malnutrition (less than 
2%), healthy (2–98%), and overweight (> 98%). In children 
and adolescents between 2 and 18 years, we utilized the 
CDC classification of BMI percentiles: malnutrition (< 5%), 
healthy (5–85%), overweight and obese (> 85%). In adults 
over 18 years, we used the standard NIH classification of 
BMI: malnutrition (up to 18.5), healthy (18.5 to 25), and 
overweight (> 25).

To assess the influence of age on the risk of metabolic 
alkalosis, we analyzed all quarterly measurements according 
to the patient’s actual age at the time the measurement was 
done. This resulted in some patients having measurements 
in more than one age group.

Urine output was defined as a binary variable, with urine 
output of ≥ 0.5 mL/kg/h considered positive.

Dialysate volume was analyzed as milliliters per square 
meter per day. Target dwell volume according to National 
Kidney Foundation Kidney Disease Outcomes Quality Ini-
tiative (NKF KDOQI) guidelines for peritoneal dialysis 
adequacy is 600–800 mL/m2 body surface area (BSA) for 
infants younger than 2 years and 1000–1200 mL/m2 BSA for 
patients over 2 years old. We therefore adjusted the dialysate 
volume in the infant group by a factor of 1.57 (adult target 
divided by infant target) for use in comparative analysis.

Statistical analysis

Continuous variables were described as mean and stand-
ard deviation (SD) or median and interquartile range (IQR). 
Categorical data were presented as percentiles. Differences 
between groups were analyzed using ANOVA, Mann-Whit-
ney, or Kruskal-Wallis nonparametric test with Bonferroni 
correction. Univariate association was assessed using chi-
square or Fisher’s exact tests. Multivariate analysis was 
performed using logistic regression models. All statistical 
analyses were performed using SPSS© software version 25 
(IBM).

Results

Thirty chronic peritoneal dialysis patients were included in 
our study. Seven (23%) under the age of 2 years, 13 (43%) 
between 2 and 18 years, and ten (33%) adults. Demo-
graphic characteristics are presented in Table 1, concise 
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dialysis characteristics are presented in Table 2. Compre-
hensive PD characteristics are available in Supplemental 
Table 1.

Quarterly measurements of blood gases and electrolytes 
are presented in Table 3.

The prevalence of alkalosis in various age groups is pre-
sented in Fig. 1. Most of the measurements (90.3%) taken 
from patients under 2 years of age showed metabolic alka-
losis compared to 32.3% in the 2–18-year group and none 
in the adult group (p < 0.001 for differences between all 
groups). Of note, the median age of patients with alkalosis in 
the 2–18-year group was significantly lower than in patients 
without alkalosis (5.5 years (range 2.1–14.5), compared to 
12.1 years (2.1–17.9), respectively).

Of the 30 patients in our study, five were treated with 
sodium bicarbonate, all of whom were in the 2–18 group. 
None of them had persistent metabolic alkalosis. Cal-
cium carbonate or sevelamer carbonate was given to three 
patients in the 0–2 group, ten patients in the 2–18 group, 
and four patients in the adult group. No association was 
found between calcium carbonate or sevelamer carbonate 
treatment and persistent metabolic alkalosis (p = 0.45). In a 
per-sample analysis, patients receiving carbonate-containing 
medications were less likely to have metabolic alkalosis (23 
of 49 samples (47%) vs. 47/58 (81%), p < 0.001). No patient 
received diuretic therapy.

Of the 17 patients treated with a dialysate solution con-
taining lactate concentration of 40 mEq/L (Dianeal PD1, 

Table 1  Demographic 
characteristics of peritoneal 
dialysis patients according to 
age group. Abbreviations: N 
number, Y years, NS nephrotic 
syndrome, SLE systemic lupus 
erythematosus, DN diabetic 
nephropathy, ARPKD autosomal 
recessive polycystic kidney 
disease

0–2 years 2–18 years > 18 years

N (%) 7 (23) 13 (43) 10 (33)
Age (years, median (range)) 0.5 (0.1–1.0) 7.6 (2.4–16.5) 35.1 (25.7–46.4)
Sex

  Female (N (%)) 3 (43) 9 (69) 3 (30)
Ethnicity

  Jewish (N (%)) 4 (57) 1 (8) 3 (30)
  Arab (N (%)) 3 (43) 12 (92) 7 (70)

Etiology
  NS (N (%)) 1 (14) 4 (31) 3 (30)
  Dysplasia (N (%)) 2 (29) 3 (23) 1 (10)
  SLE (N (%)) 0 1 (8) 0
  DN (N (%)) 0 0 1 (10)
  Perinatal/neonatal ischemia 3 (43) 0 0
  Cystinosis 1 (14) 4 (31) 0
  Nephronophthisis 0 1 (8) 1 (10)
  ARPKD 0 0 1 (10)
  Unknown 1 (14) 0 3 (30)

Table 2  Dialysis characteristics 
and urine output according 
to age group. Abbreviations: 
N number, IQR interquartile 
range, SD standard deviation. 
*0–2 vs. 2–18, #2–18 vs. > 18, 
$0–2 vs. > 18

0–2 years 2–18 years > 18 years p value

Membrane type (N (%)) 0.18
  Low 0 1 (8) 4 (40)
  Low average 4 (57) 6 (46) 4 (40)
  High average 0 0 0
  High
  Missing 3 (43) 1 (8) 0

Weekly Kt/V (median 2.06 2.52 1.68 0.08
(IQR)) (1.38–2.48) (2.1–2.86) (1.51–2.14)
Patients with urine output (N (%)) 1 (14) 8 (62) 6 (60) 0.13
Daily dialysate volume 351.7 ± 96.2 247.6 ± 91.4 133.1 ± 37.4 0.001*
mL/kg (mean (SD)) < 0.001#,$

Adjusted daily dialysate 9552.2 ± 2550.8 6632.7 ± 2153.6 5284.9 ± 1661.2 0.02*
volume mL/m2 (mean (SD)) 0.29# 0.002$
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Baxter©), 10 (59%) had metabolic alkalosis as opposed to 
none of the patients treated with a dialysate solution contain-
ing lactate concentration of 35 mEq/L (CAPD4, Fresenius©) 
(p <0.001). Metabolic alkalosis was also highly associated 
with dialysate lactate concentration in a per-sample analysis 
(Table 6).

nPCR data was available for 16 out of 30 patients, pre-
sented in Table 4. We found a significant difference in nPCR 
values between the three groups (p < 0.001). Post hoc analy-
sis with Bonferroni correction also revealed a significant 

difference between all groups (p < 0.01). Surprisingly, alka-
losis was associated with low nPCR levels (Table 6).

Nutritional status, presented in Table 5, was studied quar-
terly starting in the second quarter (3–6 months) of dialysis 
treatment. As each measurement was assigned to the appro-
priate age group, measurements from the same child can 
appear, over time, in two age groups. A significant differ-

ence in nutritional status between the three age groups was 
found (p = 0.002). Post hoc analysis revealed a significant 
difference between the 0–2 group and both the 2–18 group 
(p = 0.03) and the > 18 group (p = 0.001), with a higher 
percentage of underweight among younger infants. Malnu-
trition was not associated with metabolic alkalosis (Table 6).

No significant difference was found in weekly Kt/V, mem-
brane transport type, or urine output between the three age 
groups (Table 2). A significant difference in daily dialysate 
volume per body weight across the age groups was noted 
(p < 0.001), as well as a significant difference in volume 
per BSA after adjustment of values in the infant group, as 
described in the “Methods” section (p = 0.002). Statistical 
significance of differences between specific age groups is 
presented in Table 2. Lack of urine output and daily dialysate 
volume (mL/m2/day) were significantly associated with alka-
losis (Table 6). Of note, BSA-corrected daily dialysate vol-
ume was higher in anuric patients (mean 9070.1 vs. 8042.2, 
p = 0.03).

Table 3  Blood gases and 
electrolytes (median (IQR)). 
Abbreviation: N number of 
measurements. *0–2 vs. 2–18, 
#2–18 vs. > 18, $0–2–> 18

0–2 years (N = 30) 2–18 years (N = 65) > 18 years (N = 12) p value

pH 7.47 (7.44–7.5) 7.38 (7.35–7.42) 7.36 (7.33–7.38) < 0.001*,$ 0.68#

HCO3(mmol/L) 29.1 (27.1–30.7) 23.8 (21.3–26.8) 22.6 (20.5–24) < 0.001*,$ 0.68#

PCO2 (mmHg) 43.6 (37.1–44.9) 43.2 (39–45.7) 40.1 (37.6–42.4) 0.2
Cl (mEq/L) 92 (90–95) 98 (96–102) 102.5 (100–105.5) < 0.001*,$ < 0.01#

Na (mEq/L) 140.5 (136.8–143) 137 (135–140) 138 (137–140) 0.08
K (mEq/L) 4.7 (4.2–5) 3.7 (3.3–4.3) 4.4 (3.6–4.8) < 0.001* 0.29$ 0.57#

Albumin (g/dL) 3.9 (3.6–4.1) 3.4 (3–3.8) 3.8 (3.7–4) < 0.001* 0.68$ < 0.01#
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Fig. 1  Number of measurements showing metabolic alkalosis accord-
ing to age group

Table 4  Normalized protein catabolic rate (nPCR) in the age groups. 
Abbreviation: N; number of measurements

Age group Median (IQR)

0–2 years (N = 11) 2.62 (2–2.89)
2–18 years (N = 24) 1.45 (0.99–1.91)
> 18 years (N = 10) 0.82 (0.71–0.98)

Table 5  Nutritional status according to age groups. Abbreviation: N, 
number of measurements

Underweight 
N (%)

Normal weight 
N (%)

Overweight N (%)

0–2 years 4 (13) 25 (81) 1 (3)
2–18 years 3 (5) 45 (69) 17 (26)
> 18 years 0 6 (60) 6 (60)
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In a multivariate model adjusted for sex and ethnic-
ity, significantly independent predictors for alkalosis were 
dialysate lactate concentration, lack of urine output, and 
daily dialysate volume per body surface area, as presented 
in Table 7. Since age was highly correlated with daily 
dialysate volume (r = − 0.76, p < 0.001), the model was 
not adjusted for age to avoid colinearity.

Discussion

PD involves the transport of solutes and water across the 
peritoneal membrane between the blood in the peritoneal 
capillaries and the dialysis solution in the peritoneal cav-
ity. Uremic solutes and potassium diffuse from the peri-
toneal capillary blood into the dialysis solution, whereas 
glucose, lactate, or bicarbonate and calcium diffuse in the 
opposite direction to maintain homeostasis. In fact, PD 
was shown to be quite efficient in controlling metabolic 
acidosis [4]. In a small study comparing different dialy-
sis modalities (continuous ambulatory peritoneal dialysis 
(CAPD), automated peritoneal dialysis (APD), and hemo-
dialysis (HD)) in pediatric patients, metabolic acidosis was 

better controlled in PD patients compared to HD patients. 
Although serum bicarbonate levels were higher in PD 
patients in comparison to HD patients (24 ± 2 for CAPD, 
22 ± 2 for APD, and 21 ± 2 mEq/L for HD (p value < 
0.05)), metabolic alkalosis was not noted [4].

In the current study, we found a significantly higher rate 
of metabolic alkalosis among PD-treated infants compared 
to children, adolescents, and adults.

Persistent chronic metabolic alkalosis (serum bicarbonate 
> 26 mEq/L) was associated with increased risk of heart 
failure events and mortality in a large adult CKD cohort 
[5]. Severe acute metabolic alkalosis was also associated 
with substantial mortality [6]. It is accepted to view severe 
alkalosis with concern, and to consider correction when the 
arterial blood pH exceeds 7.55 [7].

No specific symptoms were attributed to metabolic alka-
losis in our cohort, but the data may be incomplete due to 
the retrospective design of this study.

NKF KDOQI guidelines recommend lower target dwell 
volumes for infants under 2 years of age. This is in accord-
ance with a study by Warady et al. that found higher mass 
transfer area coefficients (MTAC) in infants, reflecting a 
higher solute transport capacity in younger children [8]. 
The difference in MTAC may be explained by maturational 
changes in the peritoneal membrane. We therefore adjusted 
the dialysate volume in infants to allow comparison with the 
older patients. Higher daily exchange volume enables higher 
solute elimination and lactate or bicarbonate absorption. In 
our study, adjusted daily dialysate volume per body surface 
area was negatively correlated with age, with the young-
est patients having the highest size-adjusted volume. This 
reflects a higher number of short dwells in infants as can be 
seen in Supplemental Table 1. Frequent dialysate exchanges 
enable maintaining maximal concentration gradient during 
a large part of dialysis treatment, which can result in higher 

Table 6  Predictors of alkalosis. Abbreviations: N number, nPCR normalized protein catabolic rate, IQR interquartile range. *Sodium bicarbo-
nate, calcium carbonate, or sevelamer carbonate

Alkalosis No alkalosis p value

Carbonate-containing medications* (N (%)) 23 (47) 26 (53) < 0.001
High lactate-containing dialysate (40 mEq/L) 45 (92) 4 (8) < 0.001
nPCR (median (IQR)) 2.12 (1.94–2.51) 1.01 (0.73–1.54) < 0.01
Malnutrition (N (%)) 4 (8) 3 (5) 0.7
Weekly Kt/V (median (IQR)) 2.16 (1.66–2.48) 2.11 (1.7–2.47) 0.9
Adjusted daily dialyzate volume (median (IQR)) 9552.8 (8025.2–11140.3) 7823.8 (6725.9–8816.1) < 0.001
Membrane type (N (%)) 0.8

  High 0 0
  High average 7 (16) 16 (32)
  Low average 36 (84) 26 (52)
  Low 0 8 (16) 0.8

No urine output 39 (80) 21 (36) < 0.01

Table 7  Multivariate analysis of alkalosis predictors, adjusted to sex 
and ethnicity

Odds ratio, 
95% confidence 
interval

Lack of urine output 7.2 (2.4–21.3)
Daily dialysate per body surface area 1.42 (1.11–1.83)
High lactate containing dialysate (40 mEq/L) 13 (3.4–50.3)
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bicarbonate absorption. Similarly, chloride concentration 
was lowest in the young age group, possibly reflecting a 
higher elimination rate.

Lack of urine output was also a significant predictor of 
metabolic alkalosis in our cohort. Mean dialysate exchange 
volume was higher in anuric patients, but lack of urine 
output remained a significant independent predictor in the 
multivariate model.

PD fluid contains electrolytes, an osmotic agent such as 
dextrose and lactate or bicarbonate as a buffer. A higher 
base concentration in the dialysate solution can cause 
metabolic alkalosis, as reported in adult CAPD patients 
whose dialysate solution was changed from high calcium-
low lactate concentration (35 mmol/L) to low calcium-
high lactate (40 mmol/L) concentration [9]. High lactate 
concentration in the dialysate was also associated with 
metabolic alkalosis in our study.

Alkalosis in our cohort was not explained by increased 
hydrogen loss via vomiting or diuretic therapy. Patients 
treated with carbonate-containing medications such as 
sodium bicarbonate, calcium carbonate, or sevelamer car-
bonate were significantly less likely to be found with meta-
bolic alkalosis; hence, carbonate-containing medications 
were not the explanation for metabolic alkalosis. None of 
our patients were treated with parenteral nutrition, which 
is another potential source of base intake.

A number of additional potential mechanisms which 
may be responsible for metabolic alkalosis in the context 
of PD are not supported by our findings.

High dietary protein increases net acid generation, 
resulting in metabolic acidosis [2]. PD patients require 
high protein intake due to protein losses through the peri-
toneal membrane. According to NKF KDOQI guidelines, 
dietary protein intake should be 100% of the dietary refer-
ence intake (DRI) for ideal body weight plus an allowance 
for dialytic protein and amino acid losses [10]. Normalized 
protein catabolic rate (nPCR) is a formula commonly used 
to assess dietary nutritional adequacy in dialysis patients, 
and reported in grams of urea nitrogen per kilogram body 
weight per day. It is an indirect measurement of protein 
intake. Most adult guidelines specify maintaining nPCR 
values above 1.2 g/kg/day in dialysis [11] with values less 
than 0.8 g/kg/day being equated with protein malnutri-
tion. In our study, nPCR values were significantly higher 
in the youngest age group, which had the highest rate of 
metabolic alkalosis. This suggests that nutritional inad-
equacy or protein malnutrition were not the cause of meta-
bolic alkalosis in this group. However, nPCR is a measure 
derived from adult data and has been shown to be an inac-
curate measure of nutritional status in young hemodialysis 
patients [12]. Additional study is recommended to clarify 
this association. In a study by Kung [13] that followed 43 
PD patients for 1 year, metabolic alkalosis was found in 

severely malnourished patients but not in well-nourished 
patients or patients with mild-to-moderate malnutrition. 
This was explained by low protein diet associated with 
lower acid production. However, malnutrition was not 
associated with metabolic alkalosis in our study.

PET is a semiquantitative assessment of peritoneal 
transport function in patients on PD. Solute transport rates 
are evaluated by the equilibration between the peritoneal 
capillary blood and dialysate. Kang et al. reported that 
lactate and dialytic base gain, resulting in increased pH 
and bicarbonate levels, were significantly higher in CAPD 
patients with high transporter membrane type compared to 
patients with low transporter membrane type [14]. We did 
not find significant difference in membrane transport type 
between the age groups; likewise, membrane type was not 
associated with metabolic alkalosis. However, PET was 
performed infrequently in our study group and membrane 
type may have changed over time.

The limitations of this study include a retrospective 
design and a relatively small number of participants.

In conclusion, we report that metabolic alkalosis is 
quite prevalent among infants treated with PD. Possible 
predictors include dialysate with high lactate concentra-
tion, lack of urine output, and high BSA-adjusted daily 
dialysate volume, which may reflect higher bicarbonate 
absorption. Acid-base status should be closely followed 
in this age group and using a dialysis solution with lower 
bicarbonate or lactate level should be considered. A larger 
prospective study that systematically explores factors that 
may lead to metabolic alkalosis among infants on PD is 
warranted.
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